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Abstract – A mathematical approach to optimize selection on multiple quantitative trait loci
(QTL) and an estimate of residual polygenic effects was applied to selection on two linked or
unlinked additive QTL. Strategies to maximize total or cumulative discounted response over ten
generationswerecomparedtostandardQTLselectiononthesumofbreedingvaluesfortheQTL
and an estimated breeding value for polygenes, and to phenotypic selection. Optimal selection
resultedingreaterresponsetoselectionthanstandardQTLorphenotypicselection. Tightlinkage
between the QTL (recombination rate 0.05) resulted in a slightly lower response for standard
QTL and phenotypicselection but in a greater response for optimal selection. Optimal selection
capitalized on linkage by emphasizing selection on favorable haplotypes. When the objective
was to maximize total response after ten generations and QTL were unlinked, optimal selection
increased QTL frequencies to ﬁxation in a near linear manner. When starting frequencies were
equal for the two QTL, equal emphasis was given to each QTL, regardless of the difference
in effects of the QTL and regardless of the linkage, but the emphasis given to each of the two
QTL was not additive. These results demonstrate the ability of optimal selection to capitalize
on information on the complex genetic basis of quantitative traits that is forthcoming.
selection / marker-assisted selection / quantitative trait loci / optimization
1. INTRODUCTION
The advent of molecular genetics has opened opportunities to enhance
selection for quantitative traits by incorporating information on the identiﬁed
quantitative trait loci (QTL) or on the genetic markers that are linked to QTL
in genetic improvement programs. In what follows, we will refer to identiﬁed
QTL as QTL that are in complete population gametic phase disequilibrium
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with the observed genetic polymorphism (i.e. the QTL itself or a tightly linked
marker), in contrast to marked QTL, for which the observable polymorphism
is in linkage equilibrium with the QTL.
The generally accepted strategy for using QTL information in selection,
which will be referred to as standard QTL selection, is to select on a simple
index of an estimate of the breeding value for the identiﬁed or marked QTL
(α) and an estimated breeding value (EBV) of the residual polygenic effects
of the individual: I = α + EBV [7,15]. For additive QTL and when the
components of the index are estimated using best linear unbiased prediction
(BLUP) that includes the QTL as a ﬁxed or random effect [8], standard QTL
selection maximizes the response from the current to the next generation.
Standard QTL selection, however, does not maximize the single generation
response for QTL with non-additive effects [4], nor does it maximize the
response over multiple generations, even for additive QTL [9,11,14]. Thus,
the selection emphasis placed on the QTL in standard QTL selection, which
is determined by the QTL breeding value, is not optimal for many situ-
ations.
The methods to optimize the use of a single identiﬁed QTL in selection
were developed by Dekkers and van Arendonk [5] and Manfredi et al. [13].
Both methods focused on selection on a single identiﬁed QTL. Dekkers and
Chakraborty[6]evaluatedthebeneﬁtof optimalselectionona singleidentiﬁed
QTL for a range of parameters and found substantial differences between
optimal and standard QTL selection for QTL with overdominance.
With the advances in molecular genetics, multiple QTL are being identiﬁed
for many livestock species [1] and, therefore, the information from more than
oneQTLmustbeincorporatedinselectionprocedures. StandardQTLselection
canaccommodatemultipleQTL byincludingthesumofbreedingvaluesofthe
individualQTL.SelectionemphasisonanindividualQTListhendeterminedby
the relative magnitude of its breeding value. Hospital et al. [10] investigated
QTL selection strategies in which equal emphasis was given to each QTL
regardless of their effect, with the aim to ﬁx all QTL as rapidly as possible.
They, however, pointed out that it is unclear whether this strategy indeed
minimizes the time to ﬁxation and that optimal strategies for selection on
multiple QTL are lacking.
Inacompanionpaper,Chakrabortyetal.[3]extendedthemethodofDekkers
and van Arendonk [5] to allow optimization of selection on multiple QTL. The
objectives of this paper were to implement this methodology for selection on
two QTL and to evaluate the effect of linkage between QTL on characteristics
of response to optimal QTL selection, in comparison to standard QTL and
phenotypic selection.Optimal selection on two linked QTL 173
2. METHODS
2.1. Population structure and genetic model
The deterministic model described by Chakraborty et al. [3] was used to
modelselectiononatraitaffectedbytwoidentiﬁedQTLandresidualpolygenic
effectsin a populationwithdiscretegenerations. Parametersfor thepopulation
and genetic model were chosen to enable investigation and illustration of the
propertiesoftheoptimalselectionstrategyandoftheimpactoflinkagebetween
QTL, rather than to be representative of practical breeding programs.
Selected fractions were 20% for both males and females. All candidates
were genotyped for the identiﬁed QTL prior to selection and the effect and
parental origin of each QTL allele was assumed known. Polygenic effects
were modeled following the inﬁnitesimal genetic model [2] but with constant
variance. Both QTL were additive and had two alleles (A1,A 2 and B1,B 2).
Bilocus genotypes for the QTL are coded as, e.g.,A 1A2B1B2, where the ﬁrst
allele for each locus designates the paternal allele. Starting frequencies of the
favorablealleles(A1 andB1)were0.1forbothQTL andthestartingpopulation
was in gametic phase equilibrium.
Allele substitution effects were equal to 1 and 1.5 in units of standard
deviations (σ) of polygenic EBV, which is the unit of interest when comparing
alternative QTL selection strategies [5]. For a trait with heritability equal
to 0.25, these convert to allele substitution effects of 0.5 and 0.75 in units of
standarddeviationsoftruepolygeniceffectsandto0.25and0.375inphenotypic
standarddeviationunitsifpolygenicEBVarebasedonownphenotypeonly[6].
Toevaluatetheimpactoflinkage,recombinationrates(r)of0.50(unlinked),
0.20, and 0.05 between the QTL were considered. A situation of a single QTL
with an additive effect equal to the sum of the effects of the two QTL, i.e. 2.5σ,
was also considered. Note that this is identical to a zero recombination rate
between the QTL but with complete gametic phase disequilibrium in the base
population, such that positive alleles are always in a coupling phase.
2.2. Selection methods and objectives
Optimal QTL selection was compared to standard QTL selection and to
phenotypic selection. Selection was on the following general index [5]:
Iijmt = θmt + (EBVijmt − BVmt) (1)
where θmt is the value assigned to individuals of the QTL genotype m in
generation t, which differed by selection strategy, and EBVijmt is the polygenic
EBV of animal i, which is deviatedfromthe mean polygenicBV of individuals
of genotype m in generation t (BVmt). Selection on index (1) was modeled
by truncation selection across distributions of EBV by genotype, with means174 J.C.M. Dekkers et al.
equal to θmt and standard deviation equal to σ.G i v e n θmt and σ, proportions
selected from each distribution were derived by bisection and were used to
model changes in QTL frequencies and polygenic means, as described by
Chakrabory et al. [3].
For phenotypic selection, means θmt were derived by regressing the mean
phenotypic value of each genotype (= qm + BVmt where qm is the sum of
genotypicvaluesfortheQTL)towardsanoverallmeanbasedonheritability[5,
6], which was set equal to 0.25. For standard QTL selection, means θmt were
s e te q u a lt oαm + BVmt,w h e r eαm is the sum of breeding values for the two
QTL based on allele substitution effects [5,6].
The methodology developed by Chakraborty et al. [3] was used to derive
optimalQTLselectionstrategies. StandardQTLselectionprovidedthestarting
point for the iterative solution process. Optimal QTL selection strategies were
obtained for two alternative objectives: (1) maximizing cumulative response
after ten generations and (2) maximizing cumulative discounted response over
ten generations. These will be referred to as optimal terminal and optimal
discounted QTL selection, respectively. Cumulative discounted response was
computed as R =
T
t=0 wtGt where Gt is the mean total genotypic value in
generationt, includingboththeQTLandpolygenes,andwt isadiscountfactor,
which was computed based on an interest rate of ρ = 0.1 per generation as:
wt = 1/(1 + ρ)t. Note that the terminal response is given by G10.
The optimization program provides optimal fractions to select from each
genotypein each generation. Based on the standardnormaldistributiontheory,
these fractions can be used to derive the standardized truncation point that
is associated with genotype m in generation t, xmt. Following Dekkers and
van Arendonk [5], differences in truncation points between genotypes were
translated to the differences between means θmt that are assigned to each
genotype in index (1) as:
θmt − θref,t = (xref,t − xmt)σ (2)
where ref refers to an arbitrary reference genotype. Here, genotype A1A2B1B2
was used as the reference genotype. The means derived by (2) quantify the
emphasisthatisputoneachQTLgenotypeinindex(1)underoptimalselection.
These will be referred to as optimal genotype values, in contrast to standard
genotypicvalues(qm),whichrefertotheimpactofQTLgenotypeonphenotype.
Optimalgenotypevaluescomputedbyequation(2)applytothebilocusQTL
genotype. To quantify the emphasis that is placed on individual QTL, single
locus genotype values were computed by averaging optimal bilocus genotype
values over genotypes for the other locus. For example, the mean optimal
genotype value for A1A1 was obtained as the average of the optimal bilocus
genotype values for genotypes that included A1A1, weighted by the frequency
of each genotype.Optimal selection on two linked QTL 175
2.3. Gametic phase disequilibrium
SelectiongeneratesgameticphasedisequilibriumbetweenQTLandbetween
the QTL and polygenes [2] (gametic phase disequilibrium among polygenes
was ignored by assuming constant polygenic variance). Denoting Pij as the
frequency of QTL haplotype ij,a n dPi the frequency of allele i, gametic phase
disequilibrium between the two QTL was computed following Lewontin [12]
as:
D  = (PA1B1PA2B2 − PA1B2PA2B1)/Dmax (3)
where
Dmax = min(PA1PB1,PA2PB2) when D  < 0
and
Dmax = min(PA1PB2,PA2PB1) when D
  > 0.
Gametic phase disequilibrium between the QTL and polygenes was quantiﬁed
bythecorrelationofstandardgenotypicvaluesfortheQTL(qm)withpolygenic
breeding values as:
rt =
cov(qm,BVmt)
√
var(qm)

var(BVmt) + σ2
pol
(4)
where σ2
pol is the polygenic variance within QTL genotype. Variances and
covariancesofqm andBVmt werecomputedbasedonhaplotypemeansweighted
by haplotype frequencies.
3. RESULTS
3.1. Response to selection
3.1.1. Maximizing terminal response
Cumulative responses over ten generations in population average QTL,
polygenic, and total genotypic values are listed in Table I for the alternative
selection strategies and genetic models. Polygenic responses were based on
mean polygenic breeding values and QTL responses on mean genotypicvalues
forthetwoQTL,bothdeviatedfromthegeneticlevelinthestartingpopulation.
As expected, optimal terminal QTL selection resulted in the greatest mean
total genotypic value in the ﬁnal generation (Tab. I), followed by phenotypic
selection and then standard QTL selection. The greater terminal response for
phenotypic than standard QTL selection agrees with previous studies, which
investigated selection on a single identiﬁed QTL [9,11,14]. The difference176 J.C.M. Dekkers et al.
Table I. Terminal responses over ten generations (in phenotypic standard deviations)
to phenotypic, standard QTL, and optimal QTL selection with one or two QTL with
a varying recombination rate (r). QTL substitution effects are 1.0 and 1.5 standard
deviations of polygenic EBV for two QTL and 2.5 for one QTL. Polygenic heritability
is 0.25 and starting frequencies of favorable alleles are equal to 0.1 for all QTL.
In brackets, total responses are also expressed relative to response for phenotypic
selection.
Selection
strategy
Response
component
Two QTL One QTL
r = 0.05 r = 0.20 r = 0.50
Optimal Total 4.31 (103.8) 4.27 (102.6) 4.27 (102.4) 4.44 (101.7)
Polygenic 3.20 (97.3) 3.18 (96.6) 3.18 (96.6) 3.32 (102.1)
QTL 1.11 (128.7) 1.09 (125.4) 1.09 (123.7) 1.12 (100.3)
Standard Total 3.97 (95.5) 3.97 (95.5) 3.98 (95.5) 4.10 (93.9)
Polygenic 2.84 (86.4) 2.85 (86.6) 2.86 (86.9) 2.98 (91.7)
QTL 1.12 (130.4) 1.12 (128.9) 1.12 (127.6) 1.13 (100.4)
Phenotypic Total 4.15 4.16 4.17 4.37
Polygenic 3.29 3.29 3.29 3.25
QTL 0.86 0.87 0.88 1.12
between phenotypic and standard QTL selection was, however, slightly less
for two QTL than when their effects were concentrated into one QTL (−4.5%
for two QTL compared to −6.1% for one QTL). Phenotypic selection resulted
in a similar QTL response than standard QTL selection with a single QTL but
in substantially less QTL response with two QTL. Lost polygenic response for
standard QTL selection relative to phenotypic selection was, however, smaller
for one QTL than for two QTL.
Extraterminalresponsefromoptimaloverphenotypicselectionwasgreatest
for two tightly linked QTL (r = 0.05) (+3.8%) and smallest for the one QTL
case (+1.7%) (Tab. I). With two QTL, the greater QTL response was the main
reasonfortheextraresponsefromoptimaloverphenotypicselection;polygenic
responsewasslightlylowerforoptimalthanforphenotypicselection. Thisisin
contrasttotheoneQTLcase,wheregreaterpolygenicresponsewasresponsible
for the greater total response for optimal over phenotypic selection and QTL
responses were similar between the two strategies. Note that the one QTL
cases is equivalent to the two QTL case with complete linkage and complete
disequilibrium. Thus,theoneQTLcaseisnotanextensiontocompletelinkage
of the two QTL cases examined here, for which the QTL were in equilibrium
in the base population.
Extra response from optimal over standard QTL selection increased with
linkagefrom+6.9%forunlinkedlocito+8.3%fortightlylinkedQTL(Tab.I).Optimal selection on two linked QTL 177
With one QTL, extra response from optimal selection was intermediate to
these values at +7.8%. Extra polygenic response was the main reason for
the difference in total response between optimal and standard QTL selection.
This conﬁrms the previous ﬁnding for the one QTL case by Dekkers and
van Arendonk [5] that optimal terminal QTL selection maximizes polygenic
response over generations while achieving near ﬁxation of the QTL at the end
of the planning horizon.
Tight linkage between the QTL resulted in slightly greater total response
for optimal selection compared to moderate or no linkage (4.31 vs. 4.27,
Tab. I). In contrast, linkage slightly reduced total response for standard QTL
and phenotypic selection. Although differences were small, this illustrates the
ability of the optimal strategy to capitalize on linkage. This will be further
addressed later in the results section.
Trends in cumulative responses to selection are illustrated in Figure 1 for
standardandoptimalQTLselectionfortwounlinked(Fig.1a)andtightlylinked
(Fig. 1b) QTL. Standard QTL selection reached the maximum QTL genotypic
value after seven generations. Increases in QTL values were more gradual
for optimal terminal QTL selection but also nearly reached their maximal
value by generation ten. Linkage had limited effects on QTL responses.
Because of greater emphasis on the QTL, standard QTL selection resulted in a
lower polygenic response in the initial generations and in a lower cumulative
polygenic response over the planning horizon. This is similar to the results
described previously for a single QTL [5].
3.1.2. Maximizing cumulative discounted response
Comparisons between the three selection strategies when the objective was
to maximize cumulative discounted response over ten generations are shown
in Table II. As expected, optimal QTL selection resulted in the greatest
response for all cases. However, in contrast to the terminal response, cumulat-
ive discounted responses were greater for standard QTL than for phenotypic
selection when two QTL were present, because of greater QTL responses in
early generations (Fig. 1). Standard QTL and phenotypic selection had similar
cumulative discounted responses for the one QTL case, with lower responses
forstandardQTLselectioninlatergenerationsoffsettingearlygains,andlosses
in discountedpolygenic response offsettinggains in QTL discounted response.
The beneﬁt of optimal over phenotypic selection was greater for cumulative
discounted response (Tab. II) than for terminal response (Tab. I) and greater
for two than for one QTL (Tab. II). The discounted polygenic response was
lower for optimal QTL than for phenotypic selection but this was more than
offset by the extra discounted QTL response. The extra cumulative discounted
response from optimal over phenotypic selection was the greatest for tightly
linkedlocibut didnotincreaseconsistentlywithdegreeof linkage. Theimpact178 J.C.M. Dekkers et al.
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Figure1. Cumulativegainsinpolygenic,QTL,andtotalgenotypicmeansforstandard
(- - ◦ - -), optimal terminal ( • ), and optimal cumulative discounted ( ❇ )
selection for (a) two unlinked or (b) two tightly linked QTL (r = 0.05). Starting
frequencies are 0.1 for both QTL.
of linkage on relative and absolute discounted total response was, however,
small, with greater discounted polygenic response with tight linkage partially
offset by lower discounted QTL response (Tab. II).
Extra response from optimal over standard QTL selection was smaller for
cumulative discounted (Tab. II) than for terminal response (Tab. I) because
of the emphasis on early gains in the former objective. Extra cumulative
discountedresponsefromoptimaldiscountedover standardQTL selectionwasOptimal selection on two linked QTL 179
Table II. Cumulative discounted responses over ten generations (in phenotypic stand-
ard deviations) to selection with one or two QTL, with varying recombination rate (r),
for phenotypic, standard QTL, and optimal QTL selection, when the objective is to
maximize cumulative discounted response. QTL substitution effects are 1.0 and 1.5
standard deviations of polygenic EBV for two QTL and 2.5 for one QTL. Polygenic
heritability is 0.25 and starting frequencies of favorable alleles are equal to 0.1 for
all QTL. Interest rate is 10% per generation. In brackets, total responses are also
expressed relative to response for phenotypic selection.
Selection
strategy
Response
component
Two QTL One QTL
r = 0.05 r = 0.20 r = 0.50
Optimal Total 12.7 (106.0) 12.6 (105.3) 12.7 (105.6) 14.0 (103.3)
Polygenic 8.4 (87.2) 7.9 (82.5) 7.9 (82.3) 8.5 (92.3)
QTL 4.3 (182.2) 4.7 (197.3) 4.8 (198.8) 5.5 (127.0)
Standard Total 12.3 (102.5) 12.3 (102.7) 12.4 (103.0) 13.4 (99.3)
Polygenic 7.4 (76.6) 7.4 (76.6) 7.4 (76.7) 7.3 (79.5)
QTL 4.9 (207.9) 5.0 (207.8) 5.0 (208.3) 6.1 (142.2)
Phenotypic Total 12.0 12.0 12.0 13.5
Polygenic 9.6 9.6 9.6 9.2
QTL 2.4 2.4 2.4 4.3
slightly greater for the one QTL case (+4.0%) than for two tightly linked QTL
(+3.5), and the smallest (+2.6%) for two QTL with moderate or no linkage.
Optimal discounted QTL selection resulted in substantially greater discounted
polygenicresponsethan standardQTL selection,inparticularforone QTL and
for two tightly linked QTL, but this was partially offset by a lower discounted
QTL response.
Figure 1 shows trends in response for optimal discounted QTL selection.
Polygenic and QTL responses for selection that maximized cumulative dis-
counted response were intermediate to those for standard QTL selection and
to selection that optimized terminal responses, but tended to be closer to
trends for the former. For both linked and unlinked QTL, optimal discounted
QTL selection had similar total response as standard QTL selection in early
generations but greater response in later generations. This was achieved by
sacriﬁcingsomeQTL responseinearlygenerations,whichallowedan increase
in polygenic response. As a result, optimal selection was able to maintain total
response in early generations, while additional QTL response was capitalized
on in later generations because the QTL were not yet ﬁxed. The amount of
QTL response sacriﬁced by optimal selection in early generations in favor
of polygenic response was greater for tightly linked QTL than for unlinked
QTL.180 J.C.M. Dekkers et al.
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Figure 2. QTL frequencies for two unlinked QTL with effects equal to 1.0 (◦)a n d
1.5 (•) standard deviations of polygenic EBV for standard ( ), optimal cumulative
discounted ( ) and optimal terminal ( for 0.1 starting frequencies and - - - -
for starting frequencies of 0.3 and 0.1).
3.2. QTL allele frequencies
Figure 2 shows trends in frequenciesfor two unlinked QTL for standard and
optimal QTL selection. Starting frequencies of the favorable QTL alleles were
0.1. For optimal terminal QTL selection, an initial frequency of 0.3 for the
smaller QTL (A) was also considered.
As expected, standard QTL selection resulted in rapid ﬁxation of the favor-
able alleles, in particular for the QTL with larger effect. Similar trends, but
with a lower rate of ﬁxation, were observed for optimal QTL selection when
the objective was to maximize cumulative discounted response.
For optimal QTL selection, trends in allele frequencies were nearly linear
when the objective was to maximize terminal response, regardless of starting
frequencies (Fig. 2). When starting frequencies were equal, trends were also
similar for the two QTL, despite a difference in their genotypic effects. When
starting frequencies were different, emphasis on each QTL was such that the
frequencies increased at a nearly constant rate to reach near ﬁxation at the end
of the planning horizon. In contrast, with standard and optimal discounted
QTL selection, rates of ﬁxation were much greater for the QTL with the larger
effect.
Figure 3 illustrates the effect of linkage on trends in QTL frequencies. Only
results for tight linkage (r = 0.05) are shown; those for moderate linkage
(r = 0.2) were intermediate.Optimal selection on two linked QTL 181
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Figure 3. QTL frequencies for two unlinked (---- )o rtightly linked (r = 0.05)
( ) QTL with effects equal to 1.0 (◦) and 1.5 (•) standard deviations of polygenic
EBV for standard and optimal terminal QTL selection. Starting frequencies are 0.1
for both QTL.
Linkage had a limited effect on QTL frequencies for standard selection
(Fig. 3), although rates of ﬁxation were slightly reduced with linkage because
favorable alleles in repulsion phase were not released as quickly. For optimal
selection, both QTL approached ﬁxation regardless of the degree of linkage.
However, increasesinQTL frequenciesweresmallerwithlinkagethanwithout
linkage in early generations. The reason for the different effect of linkage for
standard versus optimal QTL selection is explored in the following section.
3.3. QTL haplotype frequencies
Changes in frequenciesfor threeQTL haplotypesare shown in Figure 4a for
standard QTL selection and in Figure 4b for optimal terminal QTL selection.
Standard QTL selection resulted in rapid ﬁxation to a frequency of one of
the favorable haplotype (A1B1) and to zero of the unfavorable haplotype
(A2B2). Standard QTL selection initially increased the frequency of the
haplotypeintherepulsionphase(A2B1)beforereducingitsfrequenciestozero.
Linkage had a limited impact on these trends, although the move to ﬁxation
of the favorable haplotype was slightly slower and the rise and subsequent
decline of frequencies for repulsion phase haplotypes were slightly greater
with linkage. This is caused by the slower break-upof linked QTL in repulsion
phase.182 J.C.M. Dekkers et al.
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Figure 4. Frequencies of selected QTL haplotypes for two QTL with recombination
rates equal to 0.5 (- - - -), 0.2 ( ), or 0.05 ( ) ,a n de f f e c t se q u a lt o1 . 0( A )a n d
1.5(B)standarddeviationsofpolygenicEBV,for(a)standardand(b)optimalterminal
QTL selection. Starting frequencies of the favorable alleles for each QTL (A1 and B1)
are 0.1.
Quite different trends in haplotype frequencies were observed for optimal
QTL selection (Fig. 4b). Frequencies of the favorable and unfavorable hap-
lotypes also increased and decreased, respectively, but much more gradu-
ally than for standard QTL selection. Linkage had a limited impact on the
increasing trend for the favorable haplotype but resulted in a slower decline
in the frequency of the unfavorable haplotype. In contrast to standard QTL
selection, frequencies for the repulsion phase haplotype were greatly impacted
by linkage under optimal selection; without linkage, the frequency of theOptimal selection on two linked QTL 183
repulsion phase haplotype increased for the ﬁrst ﬁve generations, after which
it decreased towards zero. With tight linkage, however, the frequency of the
repulsion phase haplotype was nearly constant for the ﬁrst eight generations,
followedbyagradualdeclinetowardszero. Withtightlinkage,repulsionphase
haplotypesdonotbreakupthroughrecombinationandmustbeselectedagainst
in order to eventually ﬁx the favorable QTL alleles. Thus, the initial increase
in frequency of the repulsion phase haplotype with standard QTL selection
(Fig. 4b) represents a wasted selection effort because it has to be selected
against in later generations. This wastage is avoided by optimal QTL selection
by minimizing the increase in frequency of such haplotypes. This ability
to minimize wasted selection effort also explains why the beneﬁt of optimal
QTL over standard QTL and phenotypic selection is greater with tight linkage
(Tab. I). Most of these effects disappeared, however, with moderate linkage,
which behaved similar to unlinked QTL under optimal selection (Fig. 4b).
3.4. Fractions selected
The effect of linkage on selection strategies is further illustratedin Figure 5,
which shows fractions selected from speciﬁc QTL genotypes with tight (r =
0.05) and no linkage for standard (Fig. 5a) and optimal terminal QTL selection
(Fig. 5b). The number of favorable and unfavorable haplotypes and alleles
that is present in each genotype is also indicated. For brevity, only the results
for generations 0, 4, and 8 are shown. The genotypes that are not depicted
exhibited similar trends as the presented genotypes, based on the number of
favorable and unfavorable haplotypes they contain.
ForstandardQTLselection,fractionsselectedfromeachgenotypedecreased
withadecliningQTLvalueofthegenotype(Fig.5a),asexpected. Theselected
fractionsdecreasedovergenerationsbecauseoftheincreasingfrequencyofthe
favorable alleles. Linkage had no impact on the fractions selected in the initial
generation, as expected, and limited impact in later generations, which was
primarily caused by differences in genotype frequencies.
For optimal QTL selection (Fig. 5b), differences in fractions selected
between genotypes were not as large as for standard selection and linkage had
a much greater impact. Without linkage, the selected fractions decreased with
andwerealmostentirelydeterminedbythenumberoffavorablealleles,regard-
less of the linkage phase and the difference in the effect of the alleles between
the two QTL. This is consistent with the observed similarity in frequency
trends between the two QTL (Fig. 1). With tight linkage, however, the selected
fractions were determined primarily by the number of favorable haplotypes,
with a slight negative emphasis on the number of unfavorable haplotypes.
For example, fractions selected were very similar for genotypes A1A1B1B2
(1 favorable and 0 unfavorable haplotypes) and A1A2B1B2 (1 favorable and
1 unfavorable haplotype). Genotypes with no favorable haplotypes were184 J.C.M. Dekkers et al.
Genotype   A1A1B1B1      A1A1B1B2          A1A2B1B2   A1A2B2B1     A1A2B2B2          A2A2B2B2 
No. favorable   
haplotypes           2     1         1            0      0       0 
No unfavorable 
haplotypes           0     0         1            0      1       2 
No. favorable  
alleles           4     3         2            2      1       0 
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Figure 5. Proportions retained for breeding and haplotype characteristics for selected
QTL genotypes in selected generations for standard and optimal terminal QTL selec-
tion for two unlinked () or linked () QTL, with effects equal to 1.0 (A) and 1.5 (B)
standard deviations of polygenic EBV. Starting frequencies of the favorable alleles for
each QTL (A1 and B1) are 0.1.
selectedwith the lowestemphasis; and, for thosegenotypesthe fractionsselec-
teddecreasedslightlywith increasingnumberof unfavorablehaplotypes. With
tight linkage, greater fractions of the most unfavorable genotype A2A2B2B2
were selected than without linkage. Consequently, the decline in frequency
of the A2B2 haplotype observed with linkage in Figure 4b was less rapid than
withoutlinkage. Moderatelinkage(r = 0.2, resultsnot shown)had resultsthat
were intermediate but closer to the situation with no linkage.Optimal selection on two linked QTL 185
Table III. Proportions selected and averagegenotypic values (in brackets) assigned to
individualQTLgenotypesunderoptimalQTLselectiontomaximizeterminalresponse
after ten generations for two unlinked (r = 0.5) or linked (r = 0.05) QTL with effects
equalto1.0(A)and1.5(B)standarddeviationsofpolygenicEBV.Startingfrequencies
of the favorable alleles for each QTL (A1 and B1) are 0.1.
QTL genotype
(Effect of QTL genotype on phenotype)
Generation A1A1 B1B1 A1A2 B1B2 A2A2 B2B2
(+1.0)( +1.5)( 0)( 0)( −1.0)( −1.5)
Unlinked QTL (r = 0.5)
1 0.45 0.46 0.34 0.35 0.16 0.16
(0.28) (0.28) (0)∗ (0) (−0.60) (−0.62)
3 0.28 0.28 0.25 0.25 0.16 0.15
(0.09) (0.09) (0) (0) (−0.36) (−0.37)
5 0.27 0.27 0.23 0.23 0.13 0.13
(0.12) (0.13) (0) (0) (−0.41) (−0.45)
7 0.25 0.25 0.2 0.2 0.09 0.07
(0.18) (0.20) (0) (0) (−0.63) (−0.75)
9 0.24 0.24 0.16 0.14 0.01 0.0
(n/a)∗∗ (0.45) (0) (0) (n/a) (n/a)
Linked QTL (r = 0.05)
1 0.32 0.33 0.26 0.27 0.19 0.18
(0.17) (0.19) (0) (0) (−0.23) (−0.25)
3 0.29 0.29 0.25 0.25 0.17 0.17
(0.12) (0.12) (0) (0) (−0.25) (−0.25)
5 0.28 0.28 0.25 0.24 0.15 0.15
(0.12) (0.12) (0) (0) (-0.33) (-0.34)
7 0.28 0.27 0.23 0.23 0.1 0.09
(0.17) (0.17) (0) (0) (−0.53) (−0.56)
9 0.27 0.26 0.16 0.15 0.0 0.0
(n/a) (n/a) (0) (0) (n/a) (n/a)
∗ Used as reference genotype.
∗∗ Could not be computed because selected proportion was zero for one of the
genotypes.
Fractions selected from genotypes for each of the two QTL, averaged over
the other QTL, are given in Table III for optimal terminal QTL selection for
two unlinked or tightly linked QTL. The selected fractions were very similar
for the two QTL, regardless of linkage, which is consistent with the similar
trends in QTL frequencies observed in Figure 3.186 J.C.M. Dekkers et al.
3.5. Optimal QTL genotype values
Table IV shows genotype values assigned to selected QTL genotypes under
optimal terminal selection on unlinked QTL, which were derived following
equation (2). Optimal genotype values generally declined with the number of
favorable alleles. Double heterozygotes (A1A2B1B2) were, however, assigned
a slightly greater value than the genotypes that were homozygous for alternate
alleles (e.g. A1A1B2B2), which is most likely associated with gametic phase
disequilibrium among the QTL and between the QTL and polygenes.
Optimal single locus genotype values are given in Table III. Similar to
proportions selected, optimal single locus genotype values were nearly equal
for the two QTL, indicating that equal emphasis is placed on both loci. For
both QTL the value of the heterozygote was closer to the value of the favorable
homozygote. ThiswasalsoobservedbyDekkersandvanArendonk[5]forone
QTL and relates to reducing gametic phase disequilibrium between the QTL
and polygenes (see later).
If selection treats the two QTL loci as independent, the optimal genotype
value of a bilocus QTL genotype will equal the sum of the optimal single locus
genotype values. For example, the genotype value of genotype A1A2B1B2 will
equal the single locus value for A1A2 plus the single locus value for B1B2.
Comparing the optimal single locus genotype values of Table III to the bilocus
genotype values of Table IV shows that this independence does not hold for
optimal selection, even if the QTL are unlinked.
3.6. Gametic phase disequilibrium
The extent of gametic phase disequilibrium generated by optimal terminal
and standard QTL selection between the two QTL is presented in Figure 6a for
unlinked and tightly linked QTL. Standard QTL selection resulted in increas-
ing negative disequilibrium between the two QTL over generations (Fig. 6a).
Negative disequilibrium here indicates that individuals with a more favorable
genotypeforoneQTLtendedtohaveamoreunfavorablegenotypefortheother
QTL, which is caused by an excess frequency of repulsion phase haplotypes.
Linkage increased the amount of disequilibrium for standard QTL selection
because repulsion phase haplotypes recombined less frequentlyto break up the
disequilibrium (Fig. 4a).
Disequilibrium between the QTL was small but negative for optimal selec-
tion without linkage (Fig. 6a). With tight linkage, however, optimal selection
resulted in a large positive disequilibrium between the QTL. Positive disequi-
librium indicates that individuals that had a favorable genotype for one QTL
also tended to have a favorable genotype at the other QTL. The large positive
disequilibrium for optimal selection resulted from its ability to maintain the
frequency of repulsion phase haplotypes at low frequencies (Fig. 4b).O
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Table IV. Optimal genotype values assigned to selected QTL genotypes under optimal selection on two unlinked QTL (A and B) with
effects equal to 1.0 (A) and 1.5 (B) standard deviations of polygenic EBV, to maximize terminal response at the end of ten generations.
Starting frequencies of the favorable alleles for each QTL (A1 and B1) are 0.1.
QTL genotype
(number of favorable alleles/effect of QTL genotype on phenotype)
Generation A1A1
∗
B1B1
(4/ + 2.5)
A1A1
B1B2
(3/ + 1.0)
A1A2
B1B1
(3/ + 1.5)
A1A2
B1B2
(2/0)
A1A2
B2B1
(2/0)
A1A1
B2B2
(2/ − 0.5)
A2A2
B1B1
(2/ + 0.5)
A2A2
B1B2
(1/ − 1.0)
A1A2
B2B2
(1/ − 1.5)
A2A2
B2B2
(0/ − 2.5)
1 0.42 0.22 0.23 0∗∗ 0.00 −0.16 −0.14 −0.43 −0.45 −1.10
2 0.14 0.06 0.06 0 −0.06 −0.21 −0.20 −0.32 −0.33 −0.79
3 0.12 0.06 0.05 0 −0.03 −0.18 −0.17 −0.30 −0.31 −0.77
4 0.15 0.08 0.08 0 −0.02 −0.18 −0.17 −0.32 −0.34 −0.86
5 0.19 0.11 0.11 0 −0.01 −0.19 −0.17 −0.37 −0.40 −1.04
6 0.25 0.15 0.15 0 0.00 −0.23 −0.19 −0.46 −0.51 −1.38
7 0.34 0.20 0.21 0 0.00 −0.32 −0.24 −0.64 −0.75 −2.16
8 0.48 0.29 0.31 0 0.00 −0.66 −0.37 −1.08 −1.49 n/a∗∗∗
9 0.87 0.52 0.58 0 0.00 n/a −0.79 −2.32 n/a n/a
10 2.07 0.75 1.23 0 −0.10 −0.59 0.39 −0.87 −1.16 n/a
∗ The ﬁrst allele refers to that inherited from the sire.
∗∗ Genotype A1A2B1B2 was used as the reference genotype from which all other values were deviated.
∗∗∗ Values could not be computed because fraction selected was zero for that genotype.188 J.C.M. Dekkers et al.
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Figure 6. Disequilibrium between two unlinked (---- )o rlinked (r = 0.05) QTL
( ) QTL for standard (•) and optimal (◦) QTL selection.
Both standard and optimal QTL selection resulted in negative disequi-
librium between the QTL and polygenes for all cases (Fig. 6b), indicating
that individuals with more favorable QTL genotypes tended to have lowerOptimal selection on two linked QTL 189
polygenic breeding values. During the ﬁrst ﬁve generations, correlations of
QTL with polygenic values were twice as large for standard than for optimal
QTL selection. In later generations the correlation reduced towards zero for
standard QTL selection, as the QTL were moved to ﬁxation. Tight linkage
between the QTL slightly increased the extent of disequilibrium for stand-
ard QTL selection. For optimal selection, tight linkage resulted in slightly
greater disequilibrium in early and late generations but in less disequilibrium
in intermediate generations.
4. DISCUSSION
This study was focused on the evaluation of optimal strategies for simul-
taneous selection on two QTL, in comparison to standard QTL and phen-
otypic selection, and on the effect of linkage between the QTL on these
strategies. Optimal strategies were derived using the methodology and algo-
rithm developed by Chakraborty et al. [2].
Although only a limited number of scenarios was investigated, the results
indicate that the beneﬁt of optimal QTL selection over phenotypic selection is
greaterwhentheidentiﬁedeffectsaredistributedovermultipleQTL.Thisholds
for both terminal response (Tab. I) and for cumulative discounted response
(Tab. II). Phenotypic selection has more difﬁculty in selecting for genes of
small effect and, therefore, the beneﬁt of being able to directly select on such
genes is greater than for genes of large effect. The beneﬁt of optimal over
standard QTL selection was, however, greater for one QTL than for two QTL
(Tabs. I and II), unless the QTL were tightly linked and the objective was to
maximize cumulative discounted response (Tab. II). Tight linkage between the
two QTL increased the advantage of optimal over standard QTL selection but
moderate linkage (r = 0.2) had a limited impact and behaved very similar to
selection on unlinked QTL.
Upon comparing optimal QTL selection with and without linkage between
thetwoQTL,theresultspresentedclearlydemonstratethattheoptimalstrategy
is able to take into account the abilityfor haplotypes that are in repulsionphase
to recombine in future generations. This resulted in even greater response to
selection with tight linkage than without linkage (Tab. I). This is in contrast
to phenotypic and standard QTL selection, which wasted selection effort by
selecting for haplotypes that are in repulsion phase in early generations. For
these strategies, linkage resulted in slightly lower genetic gain, although the
differences were not large. Most of these effects, however, disappeared with
moderate linkage (r = 0.2), which behaved similar to selection on unlinked
QTL because there is sufﬁcient opportunity for QTL to recombine.
Only additive QTL were considered here, which is the most favorable
situation for standard QTL selection. Greater differences between optimal190 J.C.M. Dekkers et al.
and standard QTL selection are expected for QTL with dominance, as was
demonstrated by Dekkers and Chakraborty [6] for the one QTL case. Epistasis
between QTL may further increase the beneﬁt of optimizing selection. Oppor-
tunitiestocapitalizeoncomplexgeneticinheritance,i.e.multipleQTL,linkage,
epistasis, etc., will, however, be limited by the ability to accurately estimate
associated parameters. In the present study, all parameters were assumed
known without error. Estimation errors, which will be larger for complex
genetic models, will limit the beneﬁt of optimal selection. Nevertheless,
these ﬁndings illustratethe potentialof the optimizationmethods developed by
Chakraborty et al. [3] to develop optimal selection strategies to capitalize on
the complex genetic systems and interactionsthat are being uncovered through
molecular genetic technology.
Several interesting features of optimal terminal selection were observed in
Figures 2, 3, and 5 that deserve further discussion. First, both QTL reached
near ﬁxation by the end of the planning horizon (Fig. 2). Second, selection
emphasis differed little between the two QTL when starting frequencies were
equal, despite a difference in effects between QTL, as is evident from Figure 3
by the overlapping trends in QTL frequencies, and from Table III from the
nearly equal fractions selected and equal optimal genotype effects for the two
QTL. Third, trends in QTL frequencies were nearly linear when the QTL were
unlinked, even when the two QTL started at different frequencies (Fig. 2).
To understand the impact of these ﬁndings it is beneﬁcial to reformulate
the selection objective of maximizing genetic level in the ﬁnal generation to
maximizingthepolygenicvalueintheﬁnalgenerationsubjecttoﬁxationofboth
QTL in the ﬁnal generation. This equivalence of objectives holds for the QTL
effects considered here and is based on the ﬁnding that in the optimal strategy
both QTL were essentially ﬁxed in the ﬁnal generation. Thus, the assertion
hereisthatthereformulatedobjectivewould leadtoa similarselectionstrategy
as the objectiveof maximizing terminalgain that was implemented here. From
the reformulated objective, it is indeed evident that there is no advantage to
putting more emphasis on the larger QTL if both start at the same frequency.
After all, the selection effort that is required to move the favorable allele to
ﬁxation is equal for both QTL and does not depend on the effect of the QTL.
The near linear trends that were observed with different starting frequencies
(Fig. 2) further assert this principle. Thus, when the objective is to maximize
terminal response, emphasis on a QTL is primarily determined by its starting
frequency and not by the magnitude of its effect. It is important to note that
the size of the QTL effects will be important when the objective is to maximize
cumulative discounted response, as illustratedby the more rapid ﬁxation of the
QTL with larger effects (Fig. 2).
Thelatteralsoconﬁrmsthevalidityofthestrategyofputtingequalemphasis
on each QTL when the objective is to reach ﬁxation for all QTL as quickly asOptimal selection on two linked QTL 191
possible and all QTL start at the same frequency. This strategy was adopted in
a simulation study by Hospital et al. [10], in which selection was exclusively
on the QTL and all QTL had the same starting frequency. It is clear that
also in that case the selection objective is not enhanced by giving QTL with
greater genetic values more emphasis. Based on this argument, Hospital
et al. [10] selected on the expected number of favorable QTL alleles contained
by an individual. The results presented here indicate that this strategy would
indeed be optimal for unlinked QTL because the selected fractions (Fig. 5)
and optimal values for each genotype (Tab. IV) decreased with the number
of favorable alleles. For tightly linked QTL, however, the optimal emphasis
depended primarily on the number of favorable haplotypes, rather than on
the number of favorable alleles, with some consideration of the number of
unfavorable haplotypes (Fig. 5). Further work is needed to extend this result to
multiplegroupsoflinkedQTL, whichwas thesituationconsideredby Hospital
et al. [10].
Hospital et al. [10] selected exclusively on markers with no consideration
of other polygenic effects. Including residual polygenic effects in the selection
decision requires considerationof not only the relative emphasis between QTL
but also the emphasis on QTL versus polygenes. This was the situation
considered here. The results presented in Tables III and IV for terminal
selection on unlinked QTL show that, although the effects of the QTL on
phenotype were additive and independent, the values assigned to the QTL
under optimal selection behaved in a non-additive manner. Speciﬁcally, the
average value assigned by the optimal strategy to the heterozygotes for each
QTL was not central to that of the two homozygotes (Tab. III). In addition,
when comparing optimal bilocus genotype values of Table IV to the optimal
single locus genotype values of Table III, the optimal genotype values at the
two QTL were not additive. Both types on non-additivity, as observed under
optimal selection, are likely relatedto gametic phase disequilibriumamong the
QTLandbetweentheQTLandpolygenes. Itiswellknownthatselectiononan
aggregate objective induces negative associations between components of the
aggregate(i.e.thetwoQTLandpolygenes),whichreducesresponsetoselection
in future generations [2]. Even for, unlinked loci, negative associations and
their effects on response to selection will persist over multiple generations [2].
Optimal selection is able to anticipate the impact of negative associations on
future responses to selection and, therefore, reduces the build-up of negative
disequilibrium,as illustratedin Figures6a and 6b. Thisis accomplishedin part
byareducingemphasisontheQTLandinpartbyputtingdifferentialemphasis
on alternate QTL genotypes. The latter results in the observed non-additivity
of optimal QTL genotype values. It is not clear how important the assignment
of non-additive effects under optimal selection is; responses may be robust to
moderate changes in optimal QTL values.192 J.C.M. Dekkers et al.
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